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Background: Self renewal in the hematopoietic system
is thought to be restricted to a class of pluripotent stem
cells. The capacity of cells with the properties of com-
mitted progenitors to self renew in many leukemias is
thought to be an abnormal property resulting from the
mutations responsible for leukemic transformation. It is
not known how cells that can self-renew differ from cells
that cannot. The notion that only pluripotent stem cells
self renew has recently been challenged: normal commit-
ted erythroid progenitors capable of sustained self
renewal have been described. These cells, called
SCF/TGFot progenitors, co-express the c-Kit receptor
tyrosine kinase and c-ErbB, the avian receptor for epi-
dermal growth factor and transforming growth factor
(TGF) , and they undergo continuous self renewal in
response to TGFua and estradiol. In contrast, common
erythroid progenitors (termed SCF progenitors) express
only c-Kit and undergo a limited number of cell divi-
sions in response to the c-Kit ligand, stem cell factor
(SCF). Both types of progenitor faithfully reproduce ter-
minal erythroid differentiation in vitro when exposed to
differentiation factors. Here, we have investigated the
developmental origin of these two classes of self-renewing
erythroid progenitors.
Results: We show that SCF progenitors can develop into
SCF/TGFet progenitors. This developmental conversion
requires 10-14 days and is accompanied by a gradual up-
regulation of bioactive TGFax receptor. Using sera
depleted of endogenous growth factors, we demonstrate
that the development of SCF progenitors into SCF/
TGFat progenitors absolutely requires the simultaneous
presence of SCF, TGFcx and estradiol, and is strongly
enhanced by an unknown activity in chicken serum.
Conclusions: SCF progenitors can be induced to
develop into self-renewing SCF/TGFet progenitors. The
development of self renewal is triggered by specific
combinations of growth factors and hormones. This has
important implications for understanding leukemogenesis,
as the self renewal of leukemic cells may reflect the
normal potential of certain committed progenitor cells
and not, as has been thought, a unique abnormal property
of leukemic cells.
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Background
During normal hematopoiesis, pluripotent stem cells
develop into committed progenitors of various lineages.
Pluripotent cells and committed progenitors are thought
to differ from each other in two ways. Firstly, pluripotent
stem cells can differentiate into all lineages, whereas
committed progenitors exhibit a restricted differentiation
ability - they differentiate along one or a few specific
cell lineages. Secondly, pluripotent stem cells are capable
of self renewal - they can proliferate without entering
any differentiation pathway. In contrast, committed prog-
enitors are either unable to self renew, or do so only tran-
siently (for review see [1,2]). Commitment is thought to
start these cells along a predefined program of gene
expression changes which finally generates a terminally
differentiated cell. Such programs can, of course, be
compatible with the progenitor undergoing numerous
cell divisions, but the cells are thought to undergo subtle
changes of their state of differentiation and/or gene
expression during each division (for review see [2] and
references therein).
This idea of self renewal being restricted to the pluri-
potent stem cell does not apply to leukemias, several types
of which are clearly derived from committed progenitors
(see [3] for review). A recurring concept in leukemia biol-
ogy is that the genetic changes occurring in the leukemic
cells endow them with the ability to self renew, a property
assumed to be abnormal and not shared by progenitor cells
before leukemogenic mutation(s) occurred. In the chronic
phase of chronic myelogenous leukemia, for instance,
clones of altered multipotent progenitor cells are thought
to overgrow the normal clones. During blast crisis, further
mutations occur in committed progenitors derived from
these abnormal stem cells, causing a massive outgrowth of
immature but committed progenitors, at least some of
which are capable of continuous self renewal [4-6]. In this
and other cell systems, it is still unclear whether leukemic
self renewal is a newly acquired abnormal property of the
transformed cells, or whether leukemic transformation
utilizes a cryptic self-renewal ability of normal committed
progenitors. It is clear, however, that leukemic cell self
renewal cannot be equated with immortalization, as most
retrovirus-induced leukemias of the chicken that have
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been studied so far are mortal and have similar life spans in
vitro to those of normal chicken fibroblasts (see [7,8] and
references therein). An analogous situation also seems to
hold for many human leukemias (H. Messner, personal
communication).
Recent findings suggest that normal hematopoietic prog-
enitors can go through prolonged phases of expansion,
implicating self renewal or related processes. Murine B-
lymphocyte progenitors undergo sustained self renewal in
the presence of feeder layers of stromal cells and inter-
leukin 7, but they differentiate into mature B cells under
suitable differentiation-inducing conditions. [9]. Similarly,
the self-renewal ability of single murine granulocyte-
macrophage colony-forming cells (GM-CFC) is regulated
by granulocyte-macrophage colony-stimulating factor
(GM-CSF), producing few (< 100) or many (> 10000)
mature granulocytes in response to low or high concen-
trations of the growth factor, respectively [10].
Our own work has provided direct evidence that normal
avian progenitors committed to the erythroid lineage are
capable of sustained self renewal under specific conditions
[11,12]. We showed that the combined action of estradiol
and TGFot - a ligand for the avian homologue of the
epidermal growth factor receptor, which is know as
TGFoLR or the c-ErbB proto-oncogene product [13] -
induced the outgrowth from chicken bone marrow of
normal progenitors, referred to as SCF/TGFot progeni-
tors. These cells expressed the c-kit proto-oncogene, the
estrogen receptor and TGFaoR, and were capable of sus-
tained self renewal in the presence of TGFoa plus estradiol
until the end of their normal life span in vitro of 25-35
generations (20-30 days). We also demonstrated that ery-
throid progenitors indistinguishable from normal BFU-
E/CFU-E burst-forming units-erythroid/colony-forming
units-erythroid, for definition see [14]; henceforth
referred to as SCF progenitors) could be grown out from
bone marrow in response to the c-Kit ligand, avian stem
cell factor (SCF) [12]. In contrast to the self-renewing
SCF/TGFat progenitors, SCF progenitors lacked expres-
sion of TGFotR and showed only transient self renewal
for 7-10 days in the presence of SCE When switched to
medium containing differentiation factors (erythropoietin
plus insulin), both types of progenitor differentiated into
erythrocytes with similar kinetics. This indicated that
SCF/TGFot progenitors are not the precursors of SCF
progenitors [12]. But these results did not address the
developmental origin of the self-renewing SCF/TGFa
progenitors. Did they represent a separate rare cell type
that pre-existed in the bone marrow? Or did they origi-
nate from normal SCF progenitors and acquire the poten-
tial to self-renew only in the presence of certain specific
combinations of growth factors and hormones?
In this paper, we present results clearly favouring the sec-
ond alternative. If normal SCF progenitors are cultivated
in a combination of SCF, TGFao, estradiol and unknown
factors from chicken serum, a large proportion of the cells
do not cease to proliferate and do not undergo apoptosis
- as they do when grown in SCF alone. Instead, the cells
start to express increasing levels of TGFoR and gradually
acquire the capacity for sustained self renewal. After
10-14 days, the cells are able to proliferate in the presence
of only TGFa and estradiol, suggesting that they have
converted into SCF/TGFat progenitors. Furthermore, we
show by the use of chicken sera depleted of endogenous
growth factors and hormones that SCF/TGFao progeni-
tors cannot be generated if any one of the three factors
(SCF, TGF(x or estradiol) is absent. By the same approach,
we also demonstrate that the generation of self-renewing
progenitors in the presence of SCF, TGFco and estradiol is
strongly enhanced by an unknown growth factor activity
that is present in chicken serum.
Results
A specific combination of factors triggers outgrowth of
SCF/TGFot progenitors from purified SCF progenitors
In earlier experiments [11], we demonstrated that self-
renewing SCF/TGFa progenitors grow out from chick
bone marrow only after 11-14 days, and that the typical
fast outgrowth observed at this time requires both TGFo(
and estradiol. If SCF/TGFot progenitors were a distinct,
stable cell type present in normal bone marrow and
responsive to only TGFao and estradiol, other growth fac-
tors should not significantly alter this behaviour. Two
observations suggested, however, that the outgrowth of
SCF/TGFcx progenitors is strongly influenced by other
factors. Firstly, outgrowth of SCF/TGFct progenitors was
severely inhibited if the chicken serum was depleted of
peptide growth factors and hormones. Secondly, bone
marrow cells grown in SCF resumed slow growth after a
stationary phase between days 8 and 13 [12]. These cells
corresponded to SCF/TGFot progenitors (H.B., unpub-
lished observations), suggesting that this cell type can
grow out from SCF progenitors.
First, we determined whether SCF progenitor popula-
tions contained SCF/TGFco progenitors or cells that
could develop into SCF/TGFoL progenitors. Cells from a
6-day-old culture of purified SCF progenitors [12] were
cultivated in CFU-E medium supplemented with the
three factors SCF, TGFol and estradiol (see Materials and
methods). The rationale behind using all three factors was
to keep the SCF progenitors alive as long as possible and,
at the same time,' to stimulate the growth of any
SCF/TGFot progenitors present or generated in the cul-
ture. To our surprise (and in stark contrast to results with
the same cells grown in TGF0a plus estradiol, data not
shown), the cells grown in SCF, TGFot and estradiol
showed only a weak, transient decrease in their growth
rate around day 8-10, but then continued to proliferate
exponentially with a doubling time of 18-22 hours until
day 25-30, after which they underwent senescence (Fig.
1 and data not shown). This indicated that a large propor-
tion of the cells had acquired the capacity for increased
self renewal, a property previously only associated with
SCF/TGFa progenitors.
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As a simple test to determine whether these self-renew-
ing cells corresponded to SCF/TGFL progenitors and
how abundant they were in the culture at different
times, aliquots of the culture were taken at the times
indicated in Figure 1 (yellow arrows), washed and fur-
ther cultivated in medium containing TGFot and estra-
diol. These conditions should allow only SCF/TGFot
progenitors to proliferate. We determined the prolifera-
tion kinetics of these cultures by daily counting, and
compared their growth rates to that of the culture
receiving all three factors. When switched to TGFot plus
estradiol at day 5, the vast majority of the cells immedi-
ately ceased proliferation and underwent apoptosis.
However, some healthy clumps remained, and these
started to grow out around day 13-14, followed by
exponential proliferation with kinetics indistinguishable
from those of the control culture (Fig. 1).
A much more prompt outgrowth was observed when the
cells were switched to TGFot plus estradiol at day 12
(Fig. 1). At this time, only a few cells underwent apopto-
sis, while many others continued growing, as indicated
by a transient reduction of the growth rate between days
13 and 16. Thereafter, the cells again grew with kinetics
similar to those of the control culture. Finally, after 18
days of culture, a switch from all three factors to TGFa
plus estradiol had no detectable effect on cell prolifera-
tion (Fig. 1), suggesting that at this time the culture con-
sisted entirely of SCF/TGFo progenitors. These data
indicate that, during 18 days of culture in all three fac-
tors, the majority of the cells gradually acquire the ability
to proliferate in response to TGFxo and estradiol.
Expression of bioactive TGFUR increases with time for
SCF progenitors grown in SCF, TGFot and estradiol
We next sought to analyze whether the increasing
responsiveness of the cells to TGFot and estradibl during
culture in all three factors was reflected by a correspond-
ing rise in the expression levels of bioactive TGFoxR.
Aliquots from the culture described above were therefore
removed at days 6, 13 and 20, and analyzed for TGFlR
expression and for its autophosphorylation using western
immunoblot analysis (see Materials and methods). The
results are shown in Figure 2a. When tested after 6 days,
cells grown in SCF, TGFct and estradiol expressed c-Kit
at high levels, and the c-Kit became autophosphorylated
in response to SCF (data not shown). In contrast, the
cells contained only very low levels of TGFoLR, as
assayed by western immunoblot (Fig. 2a), and no
autophosphorylation of TGFaR was visible following
stimulation with TGFct (data not shown). As expected,
purified 3-day-old SCF progenitors failed to produce
TGFotR (Fig. 2a).
After 13 days, the levels of TGFodR expression were
clearly increased, as detected by TGFoaR western blot
(Fig. 2a). In addition, a weak but clearly detectable
autophosphorylation of TGFctR was obtained in response
to ligand, and the cells continued to express autophos-
phorylatable c-Kit (data not shown). After 20 days, when
Fig. 1. Outgrowth of SCF/TGFca progenitors from SCF progenitors.
Purified SCF progenitors grown in SCF for 3 days were seeded in
CFU-E medium containing SCF, TGFa and estradiol (E). Cell pro-
liferation kinetics were then determined by daily cell counting
(see Materials and methods and [121). At the times indicated(yellow arrows), aliquots of the culture were removed, washed,
reseeded in CFU-E-medium containing only TGFa and estradiol,
and monitored for cell proliferation as above. Cumulative cell
numbers were calculated from cell counts obtained as described
earlier [11,1 2].
the cells grew as well in TGF~a plus estradiol as in all
three factors, the level of TGFaR protein in the cells was
again increased and the protein became strongly
autophosphorylated in response to TGFox (Fig. 2a and
data not shown). Control cells grown out from bone
marrow in TGFat plus estradiol expressed even higher
levels of TGFoR.
These results demonstrate that SCF progenitors grown in
TGFuo, SCF and estradiol already express low levels of
TGFotR after 6 days and that they continually increase its
expression within the next 8-14 days. To confirm that
the biochemically detected TGFoR indeed represents
bioactive receptor, similar cell populations to those
shown in Figure 2a were analyzed for stimulation of pro-
liferation by TGFot and estradiol, using [3 H]thymidine
incorporation assays. Cells grown in SCF, TGFot and
estradiol for 5 days responded to SCF as expected, but no
response to TGFot was detectable (Fig. 2b). After 11 days
in these factors, the response of the cells to SCF was
unchanged, but now a weak but significant growth
response to TGFot was detectable (Fig. 2b). As expected,
cells grown in SCF, TGFQo and estradiol for 20 days
responded strongly to both TGFot and SCF (Fig. 2b), in
a similar way to control SCF/TGFoa progenitors (data
not shown).
Taken together, the results so far demonstrate that self-re-
newing, TGFotR-expressing SCF/TGFax progenitors can
be efficiently grown out from erythroid progenitors that
are initially responsive only to SCF and lack both the capa-
city for prolonged self renewal and detectable TGFoLR.
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Fig. 2. Expression and bioactivity of TGFaR and c-Kit during proliferation of SCF progenitors in SCF, TGFet and estradiol. (a) TGFaR
expression. Aliquots from the cultures described in Fig. 1 (middle panels) and from control cultures of 3-day-old SCF progenitors (left
panel) and 18-day-old SCF/TGFa progenitors (right panel) were washed, incubated in medium without growth factors overnight, stimu-
lated with TGFa for 5 minutes or left unstimulated (control) and processed for western immunoblot analysis using anti-TGFaR antibod-
ies as described [12]. The arrows indicate the position of the 170 kD TGFoaR protein; black dots indicate the position of a background
band unrelated to TGFaR. (b) Responsiveness to TGFo and SCF. Aliquots from a culture of SCF progenitors (day 5, left panel) as well as
aliquots of cells grown in SCF, TGF<t and estradiol for 11 and 20 days (middle and right panels) were assayed for their responsiveness
to SCF and TGFac. As these growth factors exhibited maximum activity at different concentrations, factor concentrations are plotted as
relative units: 100 relative units correspond to 400 ng ml- ' of SCF (blue circles) and to 40 ng ml-1 of TGFa (red squares).
SCF/TGFa progenitors can develop from SCF progenitors
Experimental strategy
The mass culture experiments shown so far (Figs 1,2) did
not discriminate between two possible explanations of
how SCF/TGFot progenitors originate in cultures of
SCF progenitors. One possibility is that low numbers of
TGFaR-expressing SCF/TGFot progenitors pre-exist in
normal bone marrow and thus in SCF progenitor popu-
lations. These cells may have a growth advantage and
might therefore eventually overgrow the SCF progeni-
tors. A more interesting possibility would be that SCF
progenitors develop into SCF/TGFot progenitors when
exposed to certain specific combinations of factors.
These possibilities are shown schematically in Figure 3.
The method we chose for clarifying this issue was to
clone SCF progenitors by limiting dilution in various
combinations of factors (see Materials and methods).
Figure 3 illustrates our reasoning and how we could use
limiting-dilution cloning to distinguish between the two
models (selective outgrowth of rare SCF/TGFot progeni-
tors from SCF progenitors, Fig. 3a; development of SCF
progenitors into SCF/TGFa progenitors, Fig. 3b).
According to the first model (Fig. 3a), bone marrow
contains both rare SCF/TGFot progenitors (1 in 20000
bone marrow cells) and frequent SCF progenitors (1 in
300-500 bone marrow cells). In this model, SCF should
induce many proliferating clones of SCF progenitors
within 4-6 days of culture. The number of proliferating
clones should then decrease rapidly over time, as a result
of the degeneration of the SCF progenitors. In TGFa
plus estradiol, a much lower number of clones should be
obtained, but this number should remain essentially con-
stant as a result of the long-term self-renewal capacity of
these clones. In all three factors (SCF, TGFo and estra-
diol), the colony number should initially be as high as in
SCF alone but should then decrease to the level obtained
in TGFa plus estradiol (Fig. 3a).
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Fig. 3. Experimental strategy for clarifying how SCF/TGFa progenitors originate. Schematic representation of two models of how
SCF/TGFa progenitors could be generated in cultures of SCF progenitors (left panels) and schematic display of how a distinction
between the two models can be obtained by limiting dilution cloning in the presence of various factor combinations and following the
fate of cell clones generated (leading to apoptosis or ongoing growth) by repeated counting of immature colonies (right panels). In (a),
two different, pre-existing cell types are postulated (shown as grey and pink), one of which outgrows the other. The model in (b)
assumes that one cell type develops into another, as indicated by initially identical cells acquiring TGFR. For further explanation, see
text. S: SCF; TE: TGFa plus estradiol; STE: SCF, TGF(Y and estradiol.
According to the second model, the majority of
SCF/TGFt progenitors develop from SCF progenitors
in a slow process requiring the presence of SCE, TGFct
and estradiol. The frequency of clones developing in
either SCF or TGFot plus estradiol would be predicted to
be as in the first model. But in contrast to the first
model, the frequency of clones developing in all three
factors should undergo no, or only a small, decrease with
time (Fig. 3b).
> 50 % of the cells were healthy and immature (referred
to as 'limiting-dilution clones') were determined at dif-
ferent days after seeding. The results are shown in Figure
4a. At day 7, the frequency of clones grown in SCF
alone had already decreased to < 10-2, whereas clones
grown in SCF, TGF(x and estradiol were still present at a
frequency of 10-1. The frequency of clones grown in
TGFrt plus estradiol was even lower (2 x 10-3), whereas
clones in the estradiol controls were not yet visible.
Limiting-dilution cloning of purified SCF progenitors
In a first experiment (experiment 1), purified 3-day-old
SCF progenitors were seeded into 96-well plates contain-
ing CFU-medium with various combinations of factors
(see Materials and methods). A few myeloid feeder cells
that are unable to proliferate in any of the media were
added to enhance cloning efficiency. The development
and persistence of immature healthy colonies was then
analyzed by repeated inspection of the same wells (see
Materials and methods). We first confirmed that we were
working under true limiting-dilution conditions - that
is, that the cells plated with sufficient cloning efficiency
[12] (see Materials and methods) and that the cloning
efficiencies were constant over a wide range of cell num-
bers and under conditions in which only a few wells
contained single colonies (Table 1). Concentrating on
wells containing either a single or very few colonies (see
Materials and methods), the numbers of clones in which
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The further behaviour of the limiting-dilution clones
grown in the different media fully supported our notion
that SCF/TGFo progenitors indeed develop from SCF
progenitors. Immature clones growing in SCF alone
decreased to frequencies of 3 x 10- 4 and 1 x 10- 4 at days
12 and 14, respectively, approaching the background level
(5 x 10- 5) of colonies growing in estradiol alone (data not
shown). As expected, the low level of colonies coming
up in TGFot plus estradiol (2 x 10- 3) did not significantly
change with time. A substantial fraction of the clones
growing in SCF, TGFot and estradiol remained immature
and capable of proliferation, the frequency decreasing
only slightly (from 9 x 10-2 at day 7 to 5 x 10-2 at day 14;
Fig. 4a). Thus, the results in Figure 4a clearly support the
hypothesis shown in Figure 3b - SCF progenitors can
be converted into SCF/TGFct progenitors by continuous
exposure to SCF, TGFa and estradiol.
To ensure that SCE, TGFao and estradiol induce the
development of SCF/TGFot progenitors under condi-
tions in which only a single progenitor proliferates per
well in the absence of feeder cells, we generated and fol-
loWed the fate of a large number of such single colonies
(experiment 2; see Materials and methods). Although the
cloning efficiency in this experiment was about five-fold
lower than in experiment 1 (1.9 % instead of 8.9 %; see
Table 1), the number of colonies obtained again increased
linearly with the amount of cells seeded (Table 1, experi-
ment 2 and data not shown). After 7 days in SCF, TGFoa
and estradiol, single colonies were detected in 90 out of
540 wells, whereas 2 and 3 colonies were seen in 7 and 1
well(s), respectively. Of the 90 single colonies, 53 % (48)
contained more than 50 % immature healthy cells after
14 days. As expected, control SCF progenitors seeded
into medium containing TGFQo and estradiol at a 100-
fold higher cell number per well (see Materials and meth-
ods) formed colonies with about 50-fold lower cloning
efficiency (0.035 % instead of 1.9 %). A total of 34 single
colonies was obtained in the 120 wells after 7 days; of
these, 23 (67 %) were still immature and healthy after 14
days. Thus, the control clones grown in TGFQx plus estra-
diol showed a survival comparable to that of the 50-fold
more numerous clones grown in SCF, TGFo and estra-
diol. In conclusion, the data obtained with the single
colony-containing wells again support the hypothesis
shown in Figure 3b - that SCF progenitors can develop
into SCF/TGFa progenitors.
Limiting-dilution cloning of normal bone marrow cells
To rule out the possibility that SCF progenitors with the
ability to acquire self-renewing potential in SCF, TGFo
and estradiol had been pre-selected by culture in vitro
before limiting-dilution cloning, we confirmed the above
results with fresh, untreated bone marrow cells. In partic-
ular, we wanted to determine whether self-renewing
erythroid progenitors could indeed be generated from
single cells at frequencies approaching those of SCF
progenitors (1 in 300-500 bone marrow cells [12]) if
grown in all three factors. Normal bone marrow cells
were seeded at different dilutions into CFU-E medium
containing various factor combinations, and immature
colonies were counted at different times as described
above. Linearity of the assay was verified with all media
as described for the limiting-dilution assays with purified
SCF progenitors (data not shown).
Fig. 4. SCF/TGF progenitors develop from SCF progenitors.
Purified 3-day-old SCF progenitors (a) or normal bone marrow
cells (b) (for methods, see [12]), were subjected to limiting-dilu-
tion cloning in CFU-E medium containing various factors alone
or in combination. Colonies containing more than 50 % imma-
ture, round cells were counted at the times indicated, except in
panel (a) after 4 days when all colonies (differentiated and undif-
ferentiated) were counted. The frequencies determined are the
results of counting more than 100 colonies from at least two dif-
ferent cell dilutions. Note, that the survival of essentially all
clones grown in SCF, TGFcx and estradiol (red triangles) strongly
supports the model shown in Fig. 3b.
The results are shown in Figure 4b. After 4 days, fresh
bone marrow cells grown in SCF formed immature
colonies at frequencies of about 3-5 x 10- 3. Thereafter,
the frequency of immature colonies decreased progres-
sively, reaching a frequency of 2 x 10- 5 after 13 days, at
which time all other colonies had undergone apoptosis.
As expected, clones grown in TGFot plus estradiol were
rare from the beginning (6-8 x 10-5), but the frequency
remained essentially constant during the experiment.
Limiting-dilution clones grown in SCF, TGFo and estra-
diol, on the other hand, were found at frequencies of
3-5 x 10- 3 at days 4, 8 and 13. Controls showed that
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estradiol alone failed to support colony outgrowth (the
small non-growing colonies observed were 10- to 100-
fold less frequent than those growing in TGFot and estra-
diol), whereas SCF plus TGFot in the absence of estradiol
led to the same kinetics of colony development as SCF
alone (data not shown). In conclusion, the data obtained
with fresh bone marrow cells were again compatible with
the model presented in Figure 3b. The three factors,
SCF, TGFot and estradiol, can indeed induce the out-
growth of immature colonies from bone marrow at fre-
quencies corresponding to those seen in SCF after 4 days
(Fig. 4b), similar to the frequency of CFU-E colonies in
normal chicken bone marrow.
Clones of self-renewing cells obtained from SCF progenitors
resemble bona fide SCF/TGFa progenitors
To analyze whether the immature self-renewing clones
that developed from SCF progenitors in SCF, TGFo. and
estradiol indeed represent typical SCF/TGFa progeni-
tors, they were analyzed for properties previously
ascribed to these progenitors, namely continuous self
renewal for a time period corresponding to the life span
of normal and leukemic chicken cells in vitro [7,8], high-
level expression of TGFoR and a strong proliferative
response to TGFot. These assays were done by compari-
son with limiting-dilution clones grown in TGFc
plus estradiol, as well as comparison with cells from
SCF/TGFao progenitor mass cultures.
Life-span determinations
Ten to twelve healthy immature colonies grown from
either wells with 500 cells seeded in SCE, TGFa and
estradiol, or wells with 15 000 cells seeded in TGFox plus
estradiol, were expanded in their respective media until
senescence was evident (see Materials and methods). As
controls, all immature colonies obtained after 13 days in
SCF only (6 colonies), estradiol only, (5 colonies), TGFat
only (3 colonies), and SCF plus TGFao (8 colonies) were
analyzed similarly.
Limiting-dilution clones exhibiting a life-span distribu-
tion predicted for SCF/TGFot progenitors were ob-
tained only in SCF, TGFa plus estradiol and, as
expected, in TGFct plus estradiol. Eight out of twelve of
the limiting dilution clones grown in SCE, TGFca plus
estradiol had life spans of 23 to > 28 generations,
whereas the remaining four clones had much shorter life
spans (12-15 generations). Similarly, seven out of ten
clones grown in TGFot plus estradiol had long life spans
(23-31 generations), whereas the remaining three had
again shorter life spans. These data indicate that the life
spans in vitro of the self-renewing clones that developed
from SCF progenitors were not only identical to those of
bonafide SCF/TGFot progenitors but also corresponded
to the life spans of cloned, primary chick embryo fibro-
blasts [7]. We conclude, therefore, that these clones
exhibit a true sustained ability to self renew, as they pro-
liferate without detectable differentiation until the end
of their normal life span in vitro. In contrast, none of the
colonies growing out in the various controls (see above)
exhibited life spans exceeding 12-16 generations, con-
firming that true SCF/TGFct progenitors failed to
develop under these conditions.
TGFoaR expression and response to TGFoa
To determine whether the limiting dilution clones
obtained from SCF progenitors in SCF, TGFot and
estradiol expressed TGFoxR at similar levels to true
SCF/TGFa progenitor clones, cells from five limiting-
dilution clones grown in all three factors, from two
Fig. 5. Limiting-dilution clones grown in SCF, TGFa and estradiol correspond to SCF/TGFa progenitors; expression of bioactive TGFaR
and proliferation response to TGFa. (a) To detect biochemically TGFaR expression in limiting-dilution clones, four clones expanded
from 96-well plates with 500 cells per well grown in SCF, TGFa and estradiol (E), two clones from plates with 15 000 cells per well
grown in TGFoa plus estradiol and cells from a SCF/TGFa progenitor mass culture (TGFca+E) were washed, cultivated overnight in
medium without factors and processed for western immunoblot analysis with anti-TGFaR antibodies as described in the legend to
Fig. 2a. Note expression of the 170 kD TGFaR protein in all clones. (b) Limiting-dilution clone C6 (grown in SCF, TGFa and estradiol)
was analyzed in a growth factor assay for its dependence on SCF and TGFa, as described in the legend to Fig. 2b.
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limiting-dilution clones grown in TGFa plus estradiol
and from an SCF/TGFoa progenitor mass culture were
analyzed for TGFoaR expression by western blot (see
Materials and methods). Figure 5a clearly demonstrates
that somewhat variable but similar levels of TGFaR
were expressed in all three cell types, again suggesting
that the erythroblast clones grown from SCF progenitors
in SCF, TGFoa and estradiol represent true SCF/TGFxt
progenitors.
To analyze in more detail whether most or all limiting-
dilution clones grown in SCF, TGFot plus estradiol
resembled SCF/TGFet progenitors, 70 of such clones
(from experiment 1) were switched to medium supple-
mented with TGFao plus estradiol and analyzed for their
ability to proliferate by measuring [3 H]thymidine incor-
poration three days later (see Materials and methods).
Control limiting-dilution clones obtained in TGFao plus
estradiol, in SCF alone, or in estradiol alone, were
treated similarly. Essentially all clones grown in TGFox
plus estradiol incorporated thymidine, confirming that
they were actively proliferating. The same was true for
more than 50 % of the clones that had grown out in
SCF, TGFot and estradiol (data not shown), showing that
these now had the properties of SCF/TGFot progenitors.
In contrast, < 10% of the clones that survived after 13
days in SCF alone and none of the clones growing out
in estradiol alone proliferated in TGFao plus estradiol
(data not shown). This confirms that the rare clones
coming up in the controls did not represent typical
SCF/TGFot progenitors.
From the 48 single clones (from experiment 2) that
seemed to be immature and healthy in SCF, TGF0x plus
estradiol 14 days after seeding, 34 clones were assayed at
day 17 for their proliferation potential in TGFo plus
estradiol (see Materials and methods, and above).
Thirteen clones were found to incorporate thymidine in
SCF, TGFoe and estradiol between day 17 and day 20; of
these, 12 clones showed comparable levels of thymidine
incorporation also in TGFot plus estradiol, confirming
that they had the properties of SCF/TGFct progenitors.
The remaining 21 clones failed to incorporate thymidine
in both factor combinations, suggesting that they
approached senescence.
In a final experiment, one limiting-dilution clone (C6)
obtained from SCF progenitors in presence of all three
factors was assayed quantitatively for its responsiveness to
growth factors. Figure 5b demonstrates that this clone
(C6; see also Fig. 5a) showed the expected concentra-
tion-dependent proliferation response to both SCF and
TGFol, similar to that of SCF/TGFot progenitors grown
in TGFot plus estradiol [11,12]. Taken together, our
results demonstrate that the self-renewing erythroid
progenitors that developed from normal bone marrow
cells under limiting-dilution conditions in the presence
of specific growth factors were indistinguishable from the
previously characterized SCF/TGFox progenitors by all
testable criteria.
Factors required during the development of SCF progenitors
into SCF/TGFet progenitors
The results shown so far indicate that SCF progenitors
can develop into SCF/TGFot progenitors when exposed
to a mixture of SCF, TGFot and estradiol. But this devel-
opment was crucially dependent on the presence of
chicken serum, which may contain low levels of TGFot,
SCF and/or estradiol as well as additional uncharacterized
factors. This fact somewhat limits the interpretability of
the data presented so far and poses several questions. Do
established SCF/TGFot progenitors require low concen-
trations of SCF that are present in chicken serum? Do
they have a growth advantage in SCF, TGF(x plus estradiol
as compared to TGFot plus estradiol only? At what time(s)
during the development of SCF/TGFot progenitors from
SCF progenitors are the different factors required? And
finally, which known factors and/or new activities from
chicken serum are actually required for the development
of SCF/TGFxo progenitors from SCF progenitors?
To approach these questions, we sought to deplete
chicken serum of endogenous growth factor and hor-
mone activities in a fashion that retained the ability of
the serum to support full growth of factor-dependent
cells in presence of exogenous growth factors. Pilot
experiments suggested that this could be achieved by
subjecting chicken serum to an extensive combined
treatment with Freon and charcoal (such treated chicken
serum is henceforth referred to as 'stripped serum'; see
Materials and methods and [15]). CFU-E medium con-
taining this stripped serum supported the growth of SCF
progenitors to the same extent as control medium con-
taining untreated chicken serum, regardless of whether
the cells were grown in SCF alone or in SCF, TGFot plus
estradiol (Fig. 6a). Similarly, it had no significant effect
on the proliferation rate of 15-day-old cultures of
SCF/TGFot progenitors (Fig. 6c). It was also clear that
established SCF/TGF(x progenitors had no growth
advantage in SCF TGFo and estradiol, as they grew with
equal speed in media containing TGFao plus estradiol or
the same factors plus SCF (Fig. 6c).
To our surprise, stripped serum strongly retarded the
development of SCF progenitors into SCF/TGFca pro-
genitors when they were grown with SCF, TGFao and
estradiol (Fig. 6b). After (delayed) appearance, however,
the SCF/TGFoa progenitors generated in stripped serum
grew with the same speed as the control cells obtained in
untreated chicken serum that had grown out at least 5
days earlier (Fig. 6b). These observations allowed us to
draw several conclusions. Firstly, chicken serum does con-
tain an additional activity that promotes the development
of SCF into SCF/TGFot progenitors. Furthermore, this
activity is important for the generation of SCF/TGFct
progenitors, but it neither affects the proliferation of SCF
progenitors nor is important for proliferation of already
established SCF/TGFot progenitors.
The availability of a suitably stripped serum also allowed
us to analyze when during development of SCF/TGFot
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Fig. 6. A factor in chicken serum facilitates the development of SCF progenitors to SCF/TGFs progenitors. (a) Bone marrow cells were
seeded into CFU-E medium containing Freon-stripped fetal calf serum and either untreated chicken serum (circles) or stripped serum
(squares; see Materials and methods and [15]). Cells were grown in either SCF alone (open symbols) or SCF, TGFa and estradiol (STE,
closed symbols) and proliferation kinetics determined by counting at the times indicated (see legend to Fig. 1). Note that all cell popu-
lations grow with comparable speed. (b) Bone marrow cells cultivated for 6 days in media containing SCF only and either stripped
serum (red squares) or normal serum (blue circles; see (a)) were washed and seeded in media containing TGFa and estradiol in addition
to SCF (STE). Proliferation kinetics were measured as in (a). Note that cells in normal serum grew continuously, whereas outgrowth in
stripped serum was delayed for 6-8 days. (c) Cells from a 15-day-old culture of SCF/TGFa progenitors grown in CFU-E medium
containing untreated sera and TGFca plus estradiol were seeded in media containing SCF, TGFa and estradiol (STE) plus either normal
(blue circles) or stripped (red squares) serum. Similar aliquots were seeded into media containing TGFca, estradiol and normal serum
(blue triangles) or stripped (red triangles) serum. The proliferation rate of the self-renewing cells was affected by neither the factor
combination nor the type of serum used.
progenitors the known factors were required. Purified 3-
day-old SCF progenitors transiently proliferated in SCF
plus TGFot regardless of the presence or absence of estra-
diol, which led only to a somewhat enhanced growth
rate (Fig. 7a; the estradiol activity present in serum was
quenched by the antagonist ICI 164384 [11]). When the
cells were grown in SCF either with or without estradiol,
the initial growth rates were similar (data not shown).
Thus, estradiol does not seem to be required for the
early, transient proliferation of SCF progenitors. SCF
progenitors also grew with equal speed in media con-
taining stripped serum, SCF and estradiol, which either
contained or lacked TGFox (data not shown). This
demonstrates, that TGFot is also dispensable and that the
only factor really required for the outgrowth of early
SCF progenitors is SCF
A different picture emerges for the factors required
during the development of SCF progenitors into
SCF/TGFox progenitors. Estradiol is required for this
process, as shown by the observation that cells kept in the
presence of SCF, TGFoa and the estradiol antagonist ICI
1643841 irreversibly ceased to proliferate around day
8-10 (Fig. 7a). In line with this idea, SCF and TGFot also
failed to induce the outgrowth of colonies in limiting-
dilution assays if estradiol was absent (data not shown).
SCF was similarly required during SCF/TGFot progeni-
tor development, as shown in a different experiment.
SCF progenitors that were established in media contain-
ing stripped serum and SCF (Fig. 6a) were able to
develop into SCF/TGFot progenitors with low efficiency
if they were switched to stripped chicken serum medium
containing all three exogenous factors at day 6. But self-
renewing progenitors completely failed to emerge if they
received only TGFot and estradiol under otherwise iden-
tical conditions (Fig. 7b). Development of SCF/TGFot
progenitors is therefore dependent on the presence of
SCF, whereas SCF/TGFat progenitors are clearly inde-
pendent of SCF once they are established (see Fig. 6c).
Finally, it has been shown previously that the generation
of SCF/TGFt progenitors requires TGFot [11].
Taken together, the experiments described above show
that purified SCF progenitors are devoid of cells capable
of sustained self-renewal in TGFo plus estradiol. The
combined presence of SCF, TGFat and estradiol is
required for the development of SCF/TGFao progenitors
from SCF progenitors. In addition, a further, unknown
activity in chicken serum strongly increases the efficiency
of generation of SCF/TGF(x progenitors.
Discussion
Committed erythroid progenitors can become self-renewing
In this paper, we demonstrate that normal committed
erythroid progenitors of young chicks can acquire the
capacity for long-term self renewal if exposed to a com-
plex mixture of growth factors and hormones. As illus-
trated in Figure 8, SCF-progenitors are capable of only
limited self renewal in the presence of SCE But when
exposed to SCF, TGFa, estradiol and (an) unknown fac-
tor(s) from chicken serum, the same cells are able to
develop into a different cell type (SCF/TGF0a progenitors;
see Fig. 8). These cells now also express TGFoaR and are
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four, independent signals. If any of the three identified
factors or hormones - TGF(x, SCF or estradiol - is
left out, development of the self-renewing SCF/TGFxo
progenitors does not occur. In addition, an unknown
factor from chicken serum strongly enhances the effi-
ciency with which self-renewing progenitors are gener-
ated. Our serum depletion experiments show that this
activity is required neither for normal CFU-E develop-
ment nor for proliferation of the SCF/TGFo- progenitors
once they are established. It therefore seems unlikely that
it is a basic serum component that is generally required
for cell proliferation.
A second interesting feature is that development of SCF
progenitors into SCF/TGFol progenitors cannot be
induced in a short time frame, at least not by the factors or
factor combinations employed so far. Rather, the available
evidence indicates that the cells have to be exposed to the
active growth factor/hormone combination for at least
6-8 days. This suggests that the cells have to undergo sev-
eral divisions during which expression of TGFcLR gradu-
ally increases. Short-term exposure to conditions inducing
the development of SCF/TGFax progenitors failed to
cause any rapid up- or down-regulation of tyrosine kinase
receptors, hormone receptors or erythroid transcription
factors that may be involved in this process. Thus, it
remains unclear why the development of SCF/TGFo
progenitors requires such an extended time period.
Fig. 7. Estradiol and SCF are necessary for the development of
SCF/TGFa progenitors from SCF progenitors. (a) Bone marrow
cells were seeded in medium containing untreated sera with
TGFa plus SCF and either estradiol (SCF + TGFa + E) or ICI
164384 (SCF + TGFo + IC). Proliferation kinetics were deter-
mined by counting at the times indicated (see Fig. 1 legend).
Note that the culture containing estradiol proliferates continu-
ously, whereas the culture containing ICI grows until day 8 and
then irreversibly stops growing. (b) Cells pregrown in medium
containing stripped chicken serum and SCF for 6 days (see (a))
were grown in CFU-E medium containing stripped serum and
supplemented with either SCF, TGFa plus estradiol or TGFa plus
estradiol with no SCF. Proliferation kinetics were determined as
in (a). Note that self-renewing progenitors fail to grow out in the
absence of SCF, whereas they grow out after a delay in the
presence of SCF.
capable of sustained self renewal in the presence of TGFct
and estradiol. Upon exposure to differentiation factors,
the self-renewing SCF/TGFot progenitors differentiate
with kinetics similar to those of the SCF progenitors [12].
The observed development of an erythroid progenitor
that is not able to self renew (the SCF progenitor) into a
self-renewing SCF/TGFta progenitor [12] has several
interesting features. Firstly, the process seems to require
the continuous presence of at least three, and perhaps
Although the results described here provide the first
example of a self-renewing hematopoietic progenitor
committed to a single lineage, there are at least two other
cases in which self renewal has been observed in progeni-
tors that are able to differentiate into more than one lin-
eage. Firstly, mouse pre-B cells can be induced to self
renew continuously when exposed to interleukin 7 and
grown on certain stromal cell lines [9]. In response to
suitable differentiation conditions, these pre-B cells can
mature into immunoglobulin-positive, mitogen-respon-
sive B-lymphocyte progenitors, whereas they differenti-
ate into macrophage-like cells in response to other
signals. Secondly, the 02A progenitors of rat optic nerve
oligodendrocytes and type-2 astrocytes undergo numer-
ous cell divisions without apparent differentiation if kept
in serum containing medium supplemented with basic
fibroblast growth factor (FGF), platelet-derived growth
factor (PDGF) and insulin-like growth factor 1 (IGF-1)
[16,17]. The same purified 02A progenitors undergo
only a limited number of divisions (8-12) if kept in
serum-free medium on a feeder layer of astrocytes plus
PDGF or neurotrophin 3 (NT3). Finally, if thyroid hor-
mone is provided in addition to the above signals, 02A
progenitors undergo a fixed program of about five cell
divisions while differentiating into oligodendrocytes
[18,19]. It is therefore tempting to speculate that com-
mitted progenitors of hematopoietic and non-
hematopoietic origin may retain a potential for self
renewal that usually remains undetected because it is
only induced by specific combinations of growth factors
and hormones.
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Fig. 8. SCF/TGFuc progenitors develop from SCF progenitors. This simple scheme depicts our current hypothesis: self-renewing
SCF/TGFeo progenitors develop from SCF progenitors capable of only transient self-renewal when exposed to a combination of SCF,
TGFo., estradiol and an unknown factor present in chicken serum. During the development of these progenitors, which requires several
cell divisions, TGFoxR is gradually up-regulated from low to high levels. The main function of SCF-activated c-Kit in this process may be
to suppress apoptosis until the cells express TGFcxR at levels sufficient to maintain self renewal.
How do erythroid progenitors become self-renewing?
The only biochemical difference detected so far between
SCF progenitors and SCF/TGFo progenitors is that the
former cells do not express TGFoxR whereas the latter
express this receptor tyrosine kinase at high levels. This
raises the question of whether signals emanating from the
endogenous TGF(xR alone are sufficient to cause self
renewal. Several lines of evidence favour this idea. Firstly,
expression of exogenous TGFQcR driven by retroviral
infection was able efficiently to induce immediate self
renewal in SCF progenitors [11]. Secondly, tyrosine
kinase inhibitors that specifically inhibit TGFlKR func-
tion selectively caused abrogation of self-renewal ability
and induction of terminal differentiation in SCF/TGFo
progenitors. (O.W., M. von Lindern and H.B., unpub-
lished observations). These data suggest that TGFctR is
both necessary and sufficient for the induction and
maintenance of self renewal.
Why can TGFctR induce self renewal whereas other
receptor tyrosine kinases (such as c-Kit) cannot? One pos-
sibility is that TGFacR is expressed at higher levels than
c-Kit and thus produces a stronger signal in response to its
ligand. Alternatively; c-Kit and TGFaod may signal via
two qualitatively different pathways, and only the pathway
activated by TGFoR, may lead to the changes in gene
expression that are required for sustained self renewal.
Over-expression of c-Kit and TGFoR in erythroblasts
lacking the respective endogenous active receptors con-
firms that only TGFoldt, and not c-Kit, is able to induce
continuous self renewal (O.W. t al., unpublished observa-
tions). At the present time, therefore, we tend to favour
the hypothesis that these two receptors activate qualita-
tively different signal transduction pathways.
For several reasons, the minimal model, in which TGFcR
is the only molecule responsible for the induction of self
renewal, has to be treated with some caution. Firstly, the
chicken ligand for TGFaR has not been characterized.
Secondly, additional factors may play a role in the develop-
ment of SCF/TGFx progenitors, as suggested by the
experiments employing factor-depleted sera. For instance,
induction of self renewal may require co-activation of
TGFxR and a second receptor tyrosine kinase by their
respective ligands. Candidates for such an additional recep-
tor could be the Met/hepatocyte growth factor (HGF)
receptor family, as members of this family have recently
been implicated in murine erythropoiesis [20,21], and the
erythroblast-transforming v-sea oncogene has been shown
to encode a member of this family [22].
In conclusion, it is still unknown how SCF/TGFo progen-
itors develop from normal erythroid progenitors. It is possi-
ble that they develop stochastically under the conditions
presently used. If this is the case, the SCF may be required
to keep the cells alive sufficiently long for the stochastic
event to take place, and then TGF(x and estradiol may be
required to activate and maintain the newly acquired self-
renewal capacity of the cells. The function of the unknown
growth factor activity in serum could then be to increase
the frequency of these stochastic events.
What is the function of self-renewing erythroid progenitors?
At present, it is unclear when and under what conditions
SCF/TGFot progenitors are generated in ivo and what
function they may perform in the animal. As we have
discussed previously [12], it may be an advantage for the
organism if self-renewing but committed erythroid pro-
genitors could be generated under specific physiological
situations. This would avoid having to generate the
required erythroid cells from pluripotent stem cells, a
consequence of which could be an increased risk of sten
cell mutations that could eventually cause leukemia.
The available evidence is in line with the assumption that
cells with the properties of SCF/TGFco progenitors do
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exist in vivo. Firstly, growth factors such as TGFoa are
expressed in proliferating cells of various epithelia
[23,24], as well as in platelets, and estradiol levels are suf-
ficiently high in both male and female birds to activate
the estradiol receptor. In addition, both TGFoaR and the
estradiol receptor can be detected in freshly prepared
chicken bone marrow cells by reverse transcription-cou-
pled polymerase chain reaction (RT-PCR; M. von
Lindern, O.W. and H.B., unpublished observations).
Finally, SCF/TGFot progenitors can be grown out from
fresh chicken bone marrow in the presence of stripped
chicken serum, TGFax and estradiol (H.B., unpublished
observations). The same conditions support the prolifera-
tion of established SCF/TGFtx progenitors but com-
pletely prevent their development from purified SCF
progenitors (Figs 6, 7), indicating that the outgrowing
cells must have pre-existed in the bone marrow. To
answer the question of function in vivo definitively, it will
be necessary to identify conditions that lead to enhanced
production of SCF/TGFou progenitors in the animal.
SCF/TGFtx progenitors probably exist in rodents and
humans as well as chickens. We have been able to detect
both the expression and the function of the estradiol
receptor in Friend erythroleukemia cell clones (MEL
cells). These cells express the murine estradiol receptor
and exhibit retarded differentiation and reduced haemo-
globin levels in the presence of estradiol (M. von'
Lindern, H.B. and M. Parker, unpublished observa-
tions). Furthermore, we were able to expand erythroid
progenitors from human bone marrow or cord blood
200-1 000-fold, using a mixture of epidermal growth
factor (EGF), human SCF, estradiol and recombinant
human erythropoietin. Interestingly, these cells exhibited
a weak but significant proliferation response to EGF,
suggesting they may have been on their way to forming
cells resembling avian SCF/TGFo- progenitors.
Conclusions
Our results demonstrate that committed erythroid prog-
enitors capable of sustained self renewal develop from
erythroid progenitors that lack this ability. This develop-
ment requires an 'unorthodox' combination of three or
four growth factors and hormones, several of which have
not previously been implicated in hematopoiesis. If this
approach could be transferred to other lineages and to
cells of human origin, such self-renewing progenitor
populations would be of obvious use therapeutically,
including, possibly, in gene therapy. The concept of self-
renewing committed progenitors may also improve our
understanding of the mechanisms leading to leukemic
transformation in committed progenitors. The prevailing
hypothesis assumes that the mutations occurring during
leukemogenesis induce in the affected leukemic cells an
abnormal ability to self renew that was not a property of
normal progenitors. Initially, such ideas were supported by
the observation that the genes actually altered in leukemia
do not seem to have an obvious function in normal
hematopoiesis. This seemed particularly clear for the two
oncogenes involved in avian erythroblastosis, encoding a
mutated EGF (or TGFax) receptor (v-erbB) and a mutated
thyroid hormone receptor (v-erbA). From the data shown
here and in earlier work, the concept emerges that c-ErbB,
c-ErbA and the closely related estrogen receptor regulate
self renewal of normal erythroid progenitors, and that the
only function of the oncogenic versions of these genes is
to induce and maintain self renewal in an abnormal,
uncontrolled fashion (for recent reviews see [14,25]). It
will be interesting to find out whether leukemogenic
mutations constitutively activate a cryptic closely con-
trolled self-renewal potential in normal hematopoietic
progenitors from other lineages, offering a new approach
to understanding leukemogenesis in animals and humans.
Materials and methods
Cells and cell culture
SCF and SCF/TGFa progenitors were generated from freshly
prepared bone marrow cells derived from 3-10 day old chicks
of the SPAFAS flock maintained in Vienna, as described else-
where [121. They were grown in modified CFU-E medium
[26] supplemented with 100 ng ml- ' recombinant avian SCF
or 5 ng ml TGFu (Promega) plus 5 x l()-7 M estradiol,
respectively [26]. The purity of the SCF progenitors was ascer-
tained by staining with erythroblast-specific antibodies and by
determining their differentiation kinetics [12]. Only cell prep-
arations that contained > 95 % antibody-stained cells with a
density < 1.070 g cm-3 and that were capable of synchronous
differentiation into erythrocytes while undergoing five cell
divisions were used in the limitilng-dilution experiments (see
114] and references therein).
Preparation of factor-depleted chicken serum
Freon-treated chicken serum [15] was subjected three times
to treatment with activated charcoal. Briefly, 10) nl (wet
pellet volume) of activated charcoal treated with Dextran T4()
(Pharnacia) 1261 was added to 50() ml of Freon-treated
chicken serum. After overnight incubation at 4 "C with gentle
stirring, the charcoal was removed by centrifugation (2500 x I
at 4 "C). Then another aliquot of D)extran-treated charcoal
was added to the supernatant, the mlix incubated for 60 mmil at
4 °C and for 30 mmi at 50) "C, and the charcoal was again
removed by centrifugation. After repeating this extraction
once more, the serum was cleared by filtration through
Whatman 3MM filter paper, sterile filtered and stored frozen
in aliquots. CFU-E media containing this 'stripped' chicken
serum were prepared as described 112], except that the stripped
chicken serum replaced the normal chicken serum and Freon-
stripped fetal calf serumn (FCS) was used instead of untreated
serum in media containing either stripped or untreated
chicken sera.
Proliferation kinetics
Growth kinetics of normal erythroid progenitors in mass cul-
tures were determined as described earlier [121. Briefly, cells
seeded in 35 mim wells containing 2 nil of the appropriate
medium were subjected to daily partial medium changes plus
re-addition of fiesh factors, if the cells were non-proliferating.
Proliferating cultures were kept at densities of 1-2 x 1) - ' by
appropriate dilution with factor-containing media. To switch
cultures to media containing different factors, the culture was
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first expanded to a 6-100( mmi dish. After counting, two
aliquots of 4 x 1-' cells each were seeded in 2 ml of the origi-
nal mrediumi, or, after washing twice in CFU-E medium, in
2 ml of mediumr containing the new factor combination. From
all cultures, 50 p.1 aliquots were counted daily i an electronic
cell counter (CASY-1, Schirfe-System, Germany). Cumulative
cell numbers were determined as described [27].
Limiting-dilution cloning and analysis of clonal fate
Normal bone marrow cells and purified, 4-6-day-old SCF
progenitors were seeded into 96-wvell plates (60 xvells per plate)
at various concentrations (bone marrow: 50, 2 000, 6 ()000( and
15 00() cells per well; SCF progenitors: 20, 10)(0, 500, 2 500
cells per well) into CFU-E mniedium containing various addi-
tions. These were: estradiol only (control); SCF only (plus ICI
164384 to quench estradiol activity present in sera); TGF plus
estradiol; TGFu plus SCF; and finally SCF, TGFo plus estra-
diol. In some experiments, a feeder layer of 50 adherent
myeloid cells (the adherent cells obtained from SCF progenitor
cultures after cultivation for a additional 3 days in SCF plus
chicken myelomonocytic growth factor (cMGF) 281 was
seeded into all wells to increase the cloning efficiency of the
purified SCF progenitors. Between day 4 and day 7, the num-
ber of immature healthy colonies was counted in each well and
the positions of wells containing no colony, a single immature
colony or more than one colony identified. Partial medium
changes were performed every 2-3 days, taking care not to dis-
perse or change the location of the colonies. The fate of these
colonies during further incubation was followed by counting
immature viable colonies in the identified wells at various
times (4-16 days, see Results) after cell seeding. To ensure lin-
earity of the limiting dilution assay, the lowest cell density
seeded was chosen to yield only a few positive wells with one
colony per well and colonies were counted in plates containing
this and at least one higher concentration of cells per well
(SCF, TGFt, estradiol: 2 and 1)0 or 1() and 5 cells per well;
TGFx plus estradiol: 1() and 500) cells per well).
In a modified experimental approach aimed at generating as
many colonies in single wells as possible (referred to as experi-
ment 2), SCF progenitors grown for 4 days in SCF xvere
seeded at a density of 1 cells per well into 540) wells contain-
ing CFU-E nediurl plus SCF, TGFa and estradiol. As a con-
trol, the same preparation of SCF progenitors was seeded at
1 (0 cells per well into 12() wells containing TGFQ plus estra-
diol (but no SCF). To rule out the possibility that factors pro-
duced by the myeloid feeder cells influenced SCF/TGFt
progenitor development, both progenitor types were plated
without feeder cells. After 4 and 7 days, wells containing only a
single immature colony were identified and the fate of these
colonies was followed until day 14, as described above.
Expansion and determination of the life span in vitro of
limiting-dilution clones
Immature clones obtained after 14 days from wells containing
only a single colony were suspended and transferred either to
new 96-wvell dishes i 15() 1I of medium or, if they had
already filled the well, to 4-well dishes (Nunc, 17 mm in
diameter, containing 4())-5()() p1 of medium). In the case of
clones grown in SCF, TGFa and estradiol, clones from plates
seeded with 500) bone marrov cells and 2 purified SCF pro-
genitors per well were used; for all other media, clones were
taken from plates into hich 15 )()(O) and 500 cells, respec-
tively, had been seeded per well. When possible, clones were
expanded into 1()() nmm dishes (2) x 1) (' cells). Clones that
started to look senescent (irregular cell size, no spontaneous
differentiation and increased numbers of apoptotic cells) and
that ceased proliferation were counted and discarded when cell
numbers started to decrease. In the case of clones that failed to
grow beyond a 96-well plate, cell numbers were roughly esti-
mated by the extent to which the cells had filled the well.
Clones that could be expanded to a 100 mml dish were serially
passaged until they became senescent.
Assay of limiting-dilution clones for proliferative ability
Those 96-well plates for which most wells had one, two or
three clones per well (experiment 1; SCF, TGFo plus estradiol,
20) and 100 cells per well; TGFa plus estradiol, 500 cells per
well; SCF only or estradiol only, 2 500 cells per well) were
inspected for viable immature colonies at day 13 and the num-
bers of colonies per well were recorded. The cells in all wells
were then resuspended, transferred to 96-well plates with coni-
cal wells, spun down, washed once with CFU-E medium, sus-
pended in 100 p.l CFU-medium containing 5 ng nil-1 TGFot
and 5 x 1()-7 M estradiol and seeded into new 96-well culture
plates. Three days later, cells were labelled with 0.8 RCi
13 H]thymidine for 3 h, harvested and counted using an auto-
mated cell harvester (TOMTEC; plus 96-well scintillation
counter, Wallac Microbeta 145(0)). Wells exhibiting radioactiv-
ity 5-fold over background (single clones), 10-fold over back-
ground (2 clones per well) or 15-fold over background (3 or
more clones) were scored positive for proliferation. Wells con-
taining more than one clone but exhibiting only 5-10-fold
increased radioactivity were scored as having only one positive
clone. Background was determined as the mean from > 10
clones (derived from SCF, TGFet plus estradiol) that were
clearly differentiated or apoptotic by visual inspection.
Of the 48 single colonies obtained at day 14 from SCF prog-
enitors, 34 seeded at 10) cells per well (experiment 2) were
analyzed in a similar fashion. At day 17, the clones were sus-
pended, washed in conical 96-well plates as above, suspended
in 45 1 plain CFU-E medium and two 20 pIl aliquots were
added to 1()0) 1 CFU-E medium supplemented with either
SCF, TGFot and estradiol or TGFo and estradiol but no SCF.
Three days later, the clones were analyzed for 3H]thymidine
incorporation as above, scoring positive those clones that
incorporated radioactivity at least five-fold over background.
Growth factor test
To titrate SCF and TGFu on mass cultures and limiting-
dilution clones from the various progenitors, a modification of
the assay described 28] was used. Briefly, serial five-fold dilu-
tions of TGFa, SCF, estradiol and combinations thereof in
10()() pl of differentiation medium containing Freon-stripped
FCS (to remove steroid hormones and retinoids [29]) were
prepared in 96-well plates using multichannel pipettes. Test
cells (5 x 1 -4) in 2 1l of erythropoietin-free differentiation
medium were added, the cells incubated at 37 C for 2 days
and thymnidine incorporation determined as described 128] after
addition of ).8 LCi [3Hlthymnidine for 3 h.
Phosphotyrosine and western immunoblot analysis
Cells to be analysed for TGFaR or c-Kit expression by phos-
photyrosine blot were washed twice in serumn-free DMEM and
incubated in CFU-E medium minus growth factors overnight.
Thereafter, either TGFo (10 ng ml- I) or SCF (100 ng ml- 1)
was added to the cells for 5 in at 37 C. The cells were har-
vested by centrifugation, washed, lyzed and analyzed by west-
ern blot using a anti-phosphotyrosine antibody as described
previously 13(01. For analysis of TGFcR expression in limiting-
dilution clones by western blot, clones containing > 1( x 1()(
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cells were washed, resuspended in 5 ml of CFU-E medium
containing estradiol only and incubated overnight. Thereafter
lysates were prepared as described above and analysed by west-
ern blot using an anti-TGFaR antibody as described 1[30].
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